Bluegill-degrading bacteria were isolated from various environmental sources. Brevibacillus sp. BGM1 degraded bluegill efficiently at 50 C, and its culture supernatant showed the highest peptide and amino acid concentrations as trichloroacetic acid (TCA) soluble fraction (ASF) (10.7 mg/ml) of all supernatants obtained with bluegill as a substrate. Strain BGM1 secreted a protease(s) into the medium, and the concentration of peptides and amino acids gradually increased. The fertile effect of the degraded bluegill products (DGP) on Brassica rapa was also investigated. The root hair density of B. rapa grown with DGP at a concentration of 30 g peptides and amino acids/ml was about 1.7 times higher than when grown with the same concentration of undegraded bluegill. DGP was shown to increase root hair numbers and adventitious root formation. The results of this study suggest that a specific peptide(s) for promotion of root hair is produced from the order Perciformes with a protease(s) from BGM1.
Bluegill (Lepomis macrochirus) and black bass (Micropterus salmoides) are both foreign to Japan, but bluegill especially is widely found in lakes and marshes throughout the country. The increasing number of introduced fish species is disturbing the fresh water ecosystem. 1) At present, there are approximately 2,500 metric tons of bluegill and 500 metric tons of black bass living in Lake Biwa, the largest lake in Japan. In 2002, the Shiga prefectural government instituted a new law prohibiting the release of foreign fishes. Thus, large numbers of bluegill and black bass must be utilized or disposed of. 2) Fish meal powder and soluble fish emulsion were, at one stage, used worldwide as nitrogenous fertilizers, [3] [4] [5] but ammonium sulfate, urea, and chemical fertilizers have overtaken them because of the time-consuming degradation of fish wastes by microorganisms in the soil and because the fertile effects on plants are milder than those of chemical fertilizers. 6, 7) Because of increasing environmental concerns, however the potentially detrimental effects of excessive chemical fertilizers on soil have recently received increased attention. 8) Therefore, the development of new fertilizers and/or plant growth-stimulating materials using natural materials such as amino acids and natural nitrogen (such as soybean meal-degraded products and fish protein hydrolyzate) and sugar compounds has become the focus of much research. [8] [9] [10] [11] Fish of the order Perciformes, including bluegill and black bass, contain about 76% water, 20% protein, 2.5% lipid, and 1.5% carbohydrates and ash. Moreover, bluegill is particularly rich in nitrogen compounds. Hence we embarked on a research project to isolate microorganisms that can quickly and efficiently degrade bluegill. This paper also describes the stimulatory effects of degraded bluegill products (DGP) on plant and root growth.
Materials and Methods
Bacterial strains and media. The bluegill-degrading strain Brevibacillus sp. BGM1 was isolated in this study. Fish medium containing 5% (w/v) homoginated whole body of various kinds of fish (Lepomis macrochirus, Micropterus salmoides, Trachurus japonicus, Psenopsis anomala, Cololabis saira, Sardinops melanostictus, Plecoglossus altivelis, Hypomesus nipponensis, and Pleuronichthys cornutus), Luria-Bertani (LB) medium containing 10 g peptone, 5 g yeast extract, 5 g NaCl, and 20 g agar powder (pH 7.0) per liter, and plant growth (PG) medium containing a mixture of 1 ml trace nutrient Isolation of bluegill-degrading bacteria. In the first screening, 1 g or 1 ml samples taken from natural environments such as soil, compost, fresh water, or bluegill body parts were added to 100 ml bluegill medium. After 48 h cultivation at 50 C on a rotary shaker (120 rpm), samples that liquefied the bluegill were spread onto LB agar plates. In the second screening, 1% (v/v) of each pre-cultivated isolated strain was inoculated onto bluegill medium and cultivated for 48 h at 50 C. The peptide and amino acid concentration as trichloroacetic acid (TCA) soluble fraction (ASF) was measured using the ninhydrin reaction.
12)
Identification of BGM. Strain BGM1 was identified using a biochemical test 13) and analyzed using 16S ribosomal DNA (16S rDNA). The extraction method of DNA for 16S rDNA sequencing and sequence data analysis was described previously.
14) The 16S rDNA of strain BGM1 was amplified by polymerase chain reaction (PCR) with primers 20F (5 0 -TGTAATC-GTCGGCCAGTAGAGTTTGATCCTGGCTC-3 0 ) and 1510R (5 0 -CAGGAAACAGCTATGACCGGCTACCT-TGTTACGACT-3 0 ). The reaction was carried out for 30 cycles of 95 C for 30 s, 55 C for 30 s, and 72 C for 1 min. The amplified DNA was purified using a PCR product purification kit (PCR-M Clean-Up system, Viogene, Taipei). The 16S rDNA sequences were determined with a SQ5500E DNA sequencer (Hitachi, Tokyo) using a sequencing primer (5 0 -TTGCGCTCG-TTGCGGGACT-3 0 ), and the data were compared with those of the GenBank database using BLAST (version 3.0), which is available at http://www.dna.affrc. go.jp.
Detection of enzyme production, and protein and peptide concentrations. Bacteria were cultivated at 50 C in 500-ml flasks containing bluegill medium on a rotary shaker (120 rpm). Protease activity in the culture supernatant was assayed using azocasein (Sigma, St. Louis, MO, Lot 101K7023) as a substrate. 15) Protein concentration was assayed using a protein assay CBB kit (Nacalai Tesque, Kyoto, Japan) with bovine serum albumin (BSA) as the standard.
16) The peptide and amino acid concentrations as ASF were determined using the ninhydrin reaction after removal of protein using trichloroacetic acid (TCA; final concentration, 6%) precipitation.
12) The supernatant of non-inoculated bluegill medium, which was incubated at 50 C, 120 rpm for 48 h, was used as undegraded bluegill.
Preparation of degraded products from various kinds of fish. Strain BGM1 was cultivated in 5% (w/v) fish medium at 50 C for 48 h. Each culture was centrifuged at 10,000 rpm for 10 min, and then the supernatant was autoclaved at 121 C for 15 min. Degraded products of various kinds of fish were added (30 mg peptides and amino acids/ml) to PG medium to analyze the root hairpromoting effect.
Plant cultivation. The plant growth-promoting effect of DGP was investigated using Brassica rapa (Takii Syubyou, Kyoto). Seeds of B. rapa were sown in planting soil containing nutrients for plant growth (Hanagokoro, Aichi), then cultivated at 25 C and 15,000 lx for 7 d in a plant incubator (Sanyo, Tokyo). An identical size of B. rapa shoots was also transferred to a planter (1/5,000a New Wagner pot, As One, Tokyo) into which 100 ml of 30 or 300 mg peptides and amino acids/ml DGP, 100 ml of 30 mg peptides and amino acids/ml undegraded bluegill, 100 ml of 1% chemical fertilizer, or 100 ml of water was added. Hanakojo (N: 5%, P: 10% and K: 5%; Sumika Takedaengei, Tokyo) was used as the chemical fertilizer. Cultivation was carried out at 25 C and 8,000 lx for 21 d in a plant incubator (Plant bio shelf, As One, Tokyo). 17) A plant growth experiment was also carried out in the field using Raphanus sativus in Shiga Prefecture, Japan. Seeds of R. sativus were sown in planting fields (5 Â 10 m) onto which DGP or chemical fertilizer was applied. Cultivation was carried out for 3 months.
Acid-hydrolyzation of DGP. DGP was hydrolyzed with 6 M HCl at 110 C for 24 h. Then the pH of acidhydrolyzed DGP was adjusted to 7.0 with 6 M NaOH. The acid-hydrolyzed DGP (30 mg peptides and amino acids/ml) was used for analysis of root hair-promoting activity.
Analysis of the root hair-promoting effect. Sample solutions were sterilized using 0.22 mm membrane filtration (Millipore, Bedford, MA). Seeds were sterilized by soaking in a disinfectant solution (50 ml NaClO and 0.02% (v/v) Triton Â 100 with 100 ml water) for 30 min, then washed in sterilized water. A sterilized seed of B. rapa was sown into PG medium and cultivated to vegetative growth (VC) stage (7 d cultivation at 25 C and 15,000 lx). The length of root hairs was measured at 1 mm intervals of 3 mm both sides of the main root (6 positions). Root hair density was analyzed using a computer. Root hairs were dyed with 1% (w/v) methylene blue in 70% (v/v) ethanol for 1 min and then photographed. Photos were then analyzed using Photoshop 5.0 (Adobe Systems, San Jose, CA) and root hair density was evaluated according to the darkness of the picture: root hair density = 255 À the brightness (values of 255 and 0 represent black and white respectively). 18, 19) Analysis of adventitious root formation. Adventitious root formation was analyzed using Lycopersicon esculentum (Takii Syubyou, Kyoto). Seeds were sown in a root ball (Sakata Seed, Kanagawa), then cultivated at 25 C and 15,000 lx (Sanyo, Tokyo). After 21 d cultivation, the shoots were removed and soaked in 30 ml of 30 to 300 mg peptides and amino acids/ml DGP, 30 ml of undegraded bluegill, or water. Adventitious roots were observed after incubation at 25 C and 8,000 lx for 7 d (Plant bio shelf, As one, Tokyo).
Results
Isolation, characterization, and identification of bluegill-degrading bacteria Samples taken from natural environments such as soil, compost, fresh water, or bluegill body parts were incubated with bluegill medium at 50 C with vigorous shaking. In the first screening, samples of liquefied bluegill in the medium within 48 h of cultivation were spread onto the surface of LB agar plates for isolation of single bacterial colonies. About 500 mesophilic and thermophilic bacteria were isolated. In the second screening, each isolated strain was inoculated onto bluegill medium, then peptide and amino acid concentrations as ASF were measured after 48 h cultivation. Seven strains in about 500 isolates showed the higher peptide and amino acid concentration as ASF (above 6 mg/ml), and strain BGM1, which was isolated from the bluegill's body, degraded bluegill efficiently, and its culture supernatant showed the highest peptide and amino acid concentration as ASF (10.7 mg/ml). Therefore, strain BGM1 was selected for further experimentation.
Strain BGM1 was identified using a biochemical test based on Bergey's Manual of Systematic Bacteriology (Table 1 ) and 16S rDNA analysis (Table 2) as rod-shaped gram-positive bacteria able to produce catalase and hydrolyze gelatin. According to these characteristics and its 16S rDNA sequence, strain BGM1 was identified as Brevibacillus sp. and named Brevibacillus sp. BGM1.
Analysis of bluegill degradation by strain BGM1
The time course of protease activity was analyzed to determine production of the proteolytic enzyme of strain BGM1 in bluegill medium (Fig. 1A) . The maximum cell growth and protease activity of strain BGM1 were 3:3 Â 10 7 CFU/ml and 370 U/ml at 12 h cultivation, respectively. The time courses of protein degradation and peptide and amino acid formation in bluegill medium were also analyzed (Fig. 1B) . In the first stage, dissolved proteins from bluegill were consumed, suggesting that these proteins were used for primary metabolism by strain BGM1. In the next stage, bluegill was digested by the protease from strain BGM1, and proteins accumulated gradually in the medium. These proteins were digested into smaller molecules, namely, peptides and amino acids. The maximum peptide and amino acid concentration produced by strain BGM1 was 24.8 mg/ml at 18 h cultivation. Following this, the peptide and amino acid concentration in the medium gradually decreased, suggesting consumption by cells and use in metabolism.
Analysis of plant growth by DGP Several peptides and amino acids promote plant growth. 20) DGP is rich in peptides and amino acids, and hence its fertile effect on B. rapa was investigated. B. rapa was grown with either chemical fertilizer or DGP for 28 d, then the final fresh weights were measured (Table 3) . When DGP was added at a concentration of 30 mg peptides and amino acids/planter, the fresh weight of B. rapa increased by about 1.5 times as compared to plants grown with chemical fertilizer or undegraded bluegill.
The growth of R. sativus also was investigated in the field. The weight of R. sativus grown with DGP increased by about 1.2 times as compared to plants grown with chemical fertilizer (data not shown). This further confirmed the plant growth activity of DGP.
Analysis of the root hair-promoting effect of DGP Roots are an important plant organ for absorption and transportation of nutrients, and thus increasing root numbers is one cause of enhanced plant growth. To analyze the plant growth mechanism of DGP, the root hair-promoting activity of DGP was investigated (Table 4 and Fig. 2 ). DGP resulted in increased root hair numbers and length. The root hair density and root hair length of plants grown with DGP were about 1.7 times higher and about 2.6 times longer respectively than those grown with the same concentration of Cultivation was carried out at 50 C on a rotary shaker (120 rpm). Culture supernatants were used for measurements of cell growth, and production of protease, protein, and peptides and amino acids. undegraded bluegill. Root hair-promoting activity was detected when 0.05 to 70 mg peptides and amino acids/ ml DGP was used. Moreover, the main root length of B. rapa grown with DGP (30 mg peptides and amino acids/ml) was shortened to about 80% as compared to that with undegraded bluegill. To investigate the promotion of root hair numbers by peptides in DGP, acid-hydrolyzed DGP was tested using a root assay. The assay was carried out with DGP with the same peptide and amino acid concentration (30 mg peptides and amino acids/ml). The acid-hydrolyzed DGP did not show root hair-promoting activity, suggesting that the peptides in DGP resulted in an increase in root hair numbers. Adventitious root formation induced by DGP was also investigated using L. esculentum. Although no adventitious roots were formed when B. rapa was grown in water or PG medium, adventitious roots appeared when 30 to 300 mg peptides and amino acids/ ml was added in water (Fig. 3) . These results indicate that the root activating activity of DGP, namely, promotion of root hair activity and adventitious root formation, is one of the reasons for enhanced plant growth in this medium.
The root hair-promoting activity of other degraded fish products
To investigate the specific effect of DGP on root-hair promotion, activity using degraded products of other fishes was analyzed. Various kinds of fish were used to prepare degradation products with strain BGM1, and the root hair-promoting activity of each degraded product was analyzed (Table 5) . 21) The degraded products of the order Perciformes were all found to have root hairpromoting activity, while those of other fish orders did not. A specific peptide(s) for root hair promotion therefore seems to be produced by the order Perciformes with a protease(s) of strain BGM1.
Discussion
Although foreign to Japan, bluegill is widely distributed throughout the country, leading to ecological problems in lakes and marshes. Bluegill numbers are still increasing, and large amounts are caught and disposed of annually. Several trials to utilize bluegill waste in, for example, animal foodstuffs, fermented foods, and fertilizers have been done, but such usage has yet to be efficiently established. In this study, we isolated Brevibacillus sp. BGM1 as a bluegill degrading microorganism and found that a peptide(s) in DGP produced with strain BGM1 has root hair-promoting and adventitious formation effects. This DGP-induced root activation enhances nutrient absorption, thus promoting plant growth. Brevibacillus sp. is known as a protease producing strain and suppresses the fungal pathogen in soil. 22, 23) Moreover, the genus Brevibacillus is not listed as an infectious or toxin-producing microorganism. 24) Phytohormones, which contribute to plant growth and/or plant physiology, have been studied extensively. [25] [26] [27] This includes recent studies of amino acids and peptides, which act as phytohormones. Phytosulfokine-(Y(SO 3 H)IY(SO 3 H)TQ), -(Y(SO 3 H)IY(SO 3 H)T), and systemin (AVQSKPPSKRDPPKMQID) are known as plant producing (endogenous) plant growth signals. [28] [29] [30] [31] Phytosulfokine-and -are cell growth-stimulating sulfate peptides from Asparagus officinalis L., while systemin is a polypeptide that acts as a wound signal in the tomato.
L-Met is a known exogenous plant growth-stimulating material. When taken up into the inside of plants, it is converted into ethylene, which stimulates plant growth Shoots of L. esculentum were removed and then soaked in 30 ml of (A) water, (B) undegraded bluegill (300 mg peptides and amino acids/ml), (C) DGP (30 mg peptides and amino acids/ml), or (D) DGP (300 mg peptides and amino acids/ml). a The peptide and amino acid concentration was measured in the culture supernatants obtained with each degraded fish product as ASF. b Analysis of root hair-promoting effect was carried out with 30 mg peptides and amino acids/ml of degraded products of each fish. Relative root hair density was calculated from observations of the root hairs of B. rapa grown in plant growth medium. c Means were compared using Student's t-test, and differed significantly at p < 0:05.
and/or cytodifferentiation. The peptides produced from soybean meal with bacterial protease activate root cells, stimulating plant growth. Furthermore, several peptides from certain fishes using proteolytic enzymes affect plant cells. These exogenous amino acids and peptides have been applied as plant growth-stimulating materials. 11, 17, 18) It is possible that the structure of the bluegill peptide(s) differs from previously reported peptides; therefore, it might also function in a different manner in plants. Analysis of its uptake and mechanism of activation is therefore of interest, and in the future, the aim is to determine the activity of a combination of these peptides and amino acids on plant growth, thus helping to develop new plant growth-promoting materials.
Compared with the other fish examined, Micropterus salmoides, Trachurus japonicus, and Psenopsis anomala were efficiently degraded by strain BGM1. Moreover, the degraded products of these fishes also had root hairpromoting activity. The degraded products of fishes belonging to the orders Beloniformes, Clupeiformes, Salmoniformes, and Pleuronectiformes showed the same or a lesser root hair-promoting effect as compared to undegraded bluegill (order Parcifomes). This result indicates that fishes belonging to the order Parciformes might contain similar proteins. The degraded products of fishes belonging to the same order and family therefore appear to contain similar peptides. In other words, the peptides from products of fishes belonging to the order Perciformes, family Centrarchidae degraded by the protease(s) from strain BGM1 appear to have a specific effect on increased root hair numbers.
Root hair-promotion was observed (142%) even in the supernatant of undegraded bluegill. Peptides and/or proteins containing the specific amino acid sequences for root hair-promotion in the supernatant might affect root hair-promotion. Root hair density increased slightly when B. rapa was grown with the supernatant of undegraded bluegill. On the other hand, the root-hair length of B. rapa grown with the supernatant of undegraded blueill was not affected. The peptide(s) and/or protein(s) might slightly affect root hair-promotion because they contain extra regions of amino acid sequences.
On the other hand, the concentration of peptides and amino acids as ASF in degraded products of Sardinops melanostictus and Cololabis saira was low. Since these fishes contain a high lipid content (13.6 to 16.2%), it is possible that protein degradation by the protease(s) from strain BGM1 was disturbed. Removal of lipid from these fishes might therefore enhance protein degradation by strain BGM1, and subsequently, the produced peptides might have root hair-promoting activity.
In this study, we showed that the peptide fraction from bluegill increases the root hair numbers and the fresh weight of plants, suggesting its potential in plant growth and agricultural practices. Large-scale production of the peptide(s) is therefore underway.
